The firing of mesolimbic dopamine neurons is important for druginduced reinforcement, although underlying genetic factors remain poorly understood. In a recent genome-wide association metaanalysis of alcohol intake, we identified a suggestive association of SNP rs26907 in the ras-specific guanine-nucleotide releasing factor 2 (RASGRF2) gene, encoding a protein that mediates Ca 2+ -dependent activation of the ERK pathway. We performed functional characterization of this gene in relation to alcohol-related phenotypes and mesolimbic dopamine function in both mice and adolescent humans. Ethanol intake and preference were decreased in Rasgrf2 −/− mice relative to WT controls. Accordingly, ethanol-induced dopamine release in the ventral striatum was blunted in Rasgrf2 −/− mice. Recording of dopamine neurons in the ventral tegmental area revealed reduced excitability in the absence of Ras-GRF2, likely because of lack of inhibition of the I A potassium current by ERK. This deficit provided an explanation for the altered dopamine release, presumably linked to impaired activation of dopamine neurons firing. Functional neuroimaging analysis of a monetary incentive-delay task in 663 adolescent boys revealed significant association of ventral striatal activity during reward anticipation with a RASGRF2 haplotype containing rs26907, the SNP associated with alcohol intake in our previous metaanalysis. This finding suggests a link between the RASGRF2 haplotype and reward sensitivity, a known risk factor for alcohol and drug addiction. Indeed, follow-up of these same boys at age 16 y revealed an association between this haplotype and number of drinking episodes. Together, these combined animal and human data indicate a role for RASGRF2 in the regulation of mesolimbic dopamine neuron activity, reward response, and alcohol use and abuse.
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I A current | neuroimaging genetic reward-anticipation preference T he reinforcing properties of addictive drugs are dependent on the activity of mesolimbic dopamine (DA) neurons in the ventral tegmental area (VTA) and their projections to the ventral striatum (VS) and prefrontal cortex (PFC) (1) . Microdialysis studies using rodent models have shown that acute administration of addictive drugs, including alcohol, results in elevated DA levels in the VS (2) . This effect results from local inhibition of DA reuptake, stimulation of its release, or an increase in firing rate of DA neurons in the VTA (3) (4) (5) . PET studies have shown a similar effect in the VS of humans as evidenced by decreased competitive binding of a DA receptor antagonist [ 11 C] raclopride (6, 7) . Illustrating the importance of DA signaling in the regulation of alcohol-induced reinforcement, rats are known to self-administer ethanol in the nucleus accumbens (8) and posterior VTA (9) . These studies and other animal studies suggest that midbrain DA neurons are involved in the acquisition of primary alcohol reinforcement (review in ref. 1) .
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Freely available online through the PNAS open access option. 1 D.S., A.B., M. Maroteaux, T.J., C.P.M., R.S., J.-A.G., and G.S. contributed equally to this work. 2 To whom correspondence should be addressed. E-mail: gunter.schumann@kcl.ac.uk. recent genome-wide association (GWAS) metaanalysis of alcohol intake, we identified in males a suggestive signal in the ras-specific guanine-nucleotide releasing factor 2 (RASGRF2) gene (10) . Ras-GRF2 belongs to a family of calcium/calmodulin-regulated guanine-nucleotide exchange factors that transduces signals from ion channel receptors (11, 12) . Ras-GRF2 is an upstream effector of MAPK signaling cascades, including the ERK pathway (12) (13) (14) (15) . Ethanol administration increases ERK activity in the nucleus accumbens (part of the VS) of rats through a D1 receptor-mediated mechanism (16, 17) , and inhibition of ERK activity in mice has been shown to influence ethanol self-administration (18) . Together, these findings suggest that the ERK pathway mediates drug-induced reinforcement processes in the mesolimbic system (13) .
We, therefore, hypothesized that Ras-GRF2 might influence alcohol drinking behavior by regulating alcohol-induced reinforcement. To test this hypothesis and elucidate the mechanisms of Ras-GRF2 action, we carried out an in-depth functional characterization of the role of Ras-GRF2 in alcohol-related behavior and DA neuron function using animal models, including Rasgrf2 −/− mice, as well as a large functional neuroimaging genetics dataset of adolescent boys from the IMAGEN study (19) .
Results
Alcohol Preference Is Associated with Rasgrf2 mRNA Expression in Mice. We first investigated the association of Ras-GRF2 with alcohol preference by comparing Rasgrf2 mRNA whole-brain expression levels between high alcohol-preferring (HAP1) and low alcohol-preferring (LAP1) mouse lines (20) . We found a highly significant increase in Rasgrf2 mRNA expression in HAP relative to LAP mice (P = 0.0027) ( Table 1 ). This finding suggests that increased Rasgrf2 gene expression might contribute to alcohol-induced reinforcement.
Decreased Ethanol Consumption in Rasgrf2
−/− Mice. We compared Rasgrf2 −/− (21) and WT mice in a two-bottle (ethanol-containing solution vs. water) free choice paradigm with increasing concentrations of ethanol. Rasgrf2 −/− mice showed a significant reduction in ethanol intake relative to littermate controls (P < 0.01), with a threefold lower intake at the highest ethanol concentrations (Fig. 1A ) and blunted diurnal drinking (Fig. 1B) .
Rasgrf2
−/− mice also showed a significant reduction in ethanol preference, which was measured by the percentage of ethanol intake relative to water intake (Fig. S1 ). To rule out alternative explanations for changes in alcohol drinking behavior, we assessed if taste sensation and alcohol metabolism were altered in Rasgrf2 −/− mice. There was no significant difference in taste sensitivity (for either sweet or bitter solutions) (Fig. S2 ) or blood ethanol elimination (Fig. S3 ) in Rasgrf2 −/− mice and WT controls. Furthermore, there was no significant difference in the loss of righting reflex (Fig. S4) , indicating that sensitivity to the effects of ethanol was not altered in mutant mice.
Ethanol-Induced Dopamine Release Is Impaired in the VS of Rasgrf2
Mice. The regulation of ERK pathway by Ras-GRF1 in the striatum is involved in the reinforcing effects of drugs of abuse (12) . We, therefore, hypothesized that ERK pathway alteration might be involved in the behavioral phenotype of Ras-GRF2 KO mice. Alcohol significantly induced ERK phosphorylation in the VS (nucleus accumbens), but this induction did not differ between genotypes ( Fig. 2A) . We then carried out microdialysis to measure extracellular DA levels in the VS of Rasgrf2 −/− mice.
Basal DA levels of mutant mice were significantly higher (approximately twofold; P < 0.001) than in WT controls (Fig. 2B ), whereas directly after an i.p. injection of ethanol, the increase in extracellular DA levels observed in WT mice was completely absent in mutants (Fig. 2C ). This apparent lack of a mesolimbic DA response to acute ethanol in Rasgrf2 −/− mice suggested a mechanism by which the reinforcing effects of ethanol are diminished relative to WT mice, explaining the observed reduction in ethanol intake and preference.
DA Neuron Excitability Is Impaired in the VTA of Rasgrf2 −/− Mice.
Ras-GRF2 regulates NMDA receptor-dependent long-term potentiation through activation of the ERK pathway (11) . To investigate whether the altered extracellular DA levels observed by microdialysis in the VS of Rasgrf2 −/− mice were caused by altered synaptic glutamate input to the VTA, we recorded excitatory postsynaptic currents of mesolimbic DA neurons elicited at +40 mV by activation of AMPA and NMDA receptors in the presence of the GABA A receptor blocker bicuculline. We found no significant difference in the AMPA:NMDA ratio between Rasgrf2 −/− and WT controls ( Fig. S5 ), indicating no alteration in synaptic input onto DA neurons of the VTA in mutant animals. We then recorded DA neurons in current-clamp mode and measured the action potentials elicited by increasing depolarizing current injections. We found that the number of action potentials elicited in Rasgrf2 −/− animals was significantly reduced (P < 0.05) compared with WT controls (Fig. 3A) , indicating reduced cell excitability in mutant animals. We then examined whether the regulation of DA neurons firing occurred through modification of ERK signaling. We incubated brain slices from WT animals with specific inhibitors of ERK activation. Pretreatment with PD098059 (10 μM) or SL327 (20 μM) led to a significant decrease (P < 0.05) in the number of depolarization-evoked action potentials (Fig. 3B ). This recapitulation of the phenotype observed in DA neurons from Rasgrf2 −/− animals suggested that the observed effect was ERKdependent. ERK regulates the A-type K + channel responsible for the I A current (22, 23) . Furthermore, the I A current in cultured DA neurons increases on inhibition of ERK activity (24, 25) . We tested whether this finding holds true in brain slices by recording pharmacologically isolated I A currents of DA neurons. Preincubation of slices with SL327 significantly increased the I A amplitude (P < 0.01) (Fig. 3C) . Therefore, our data suggest that the decreased excitability of DA neurons in Rasgrf2 −/− mice as well as inhibited ERK signaling in WT mice prevent phosphorylation of A-type K + channels, resulting in an increased I A current and an impaired firing rate.
RASGRF2 Haplotype Is Associated with Blood-Oxygen-Level-Dependent (BOLD) Response in Brain Reward Areas and Drinking Behavior. Because impaired firing of DA neurons could be expected to result in dysregulation of reward systems (26, 27) , we explored whether variation in the human RASGRF2 gene were associated with reward mechanisms in humans. We used the monetary incentive delay (MID) task (28) as a functional neuroimaging reward paradigm and assessed ventral striatal activation in 14-y-old adolescents recruited by the IMAGEN study (19) . Because the original suggestive GWAS signal for alcohol drinking in RASGRF2 was observed in males (10), we analyzed data from boys only. Wholebrain contrast maps of large win vs. baseline during reward anticipation (n = 663) revealed a widespread positive BOLD response, with highest activation in the subcortical regions, including the VS, and extending into the insula, PFC and the parietal cortex (Fig. 4A ). Reward feedback (n = 612) induced significant positive BOLD responses predominantly in the cingulate gyrus, the PFC, and the parietal cortex as well as the subcortical regions, including the VS and the thalamus (Fig. 4A) .
For genetic analyses, we performed a haplotype analysis of RASGRF2. Because our previous GWAS finding showed a suggestive association of RASGRF2 rs26907 with alcohol drinking (10), we selected the haplotype block containing rs26907 for an exploratory association analysis with VS BOLD response during reward anticipation and reward feedback. This haplotype block consists of rs26906, rs26907, rs26908, rs252587, rs153227, rs11741062, rs153226, rs190409, and rs10514203 ( Fig. S6 and Table S1 ). In an omnibus test, we found association of the haplotype block with reward anticipation in the left VS (P = 0.00495; Bonferroni-corrected P = 0.0198) but not with reward feedback (P = 0.482). Single haplotype analysis identified one haplotype with a frequency of 22.7%, which was associated with BOLD response during reward anticipation in the left VS (P = 0.00198; Bonferroni-corrected P = 0.01584) ( Table 2 ). Analysis of association of this haplotype with whole-brain BOLD response during reward anticipation revealed significant activation in the anterior cingulate gyrus and the precentral gyrus [P = 0.008, family-wise error (FWE)-corrected] (Fig. 4B) . No association was observed in the whole brain analysis during reward feedback. Interestingly, the same haplotype was associated with a high number of lifetime drinking episodes (P = 0.0084) in 16-y-old adolescents (Table 3) . intronic, although interestingly, SNPs rs26907 and rs26908 reside directly upstream (528 and 42 bp, respectively) of the transcription start site for an alternative, much shorter RASGRF2 isoform (uc003khb.1), which initiates in intron 3 relative to the full-length isoform (uc003kha.1). Therefore, we hypothesized that this haplotype might influence the transcription levels of this short isoform by modulating the efficiency of the corresponding core promoter.
To test this hypothesis, we carried out quantitative RT-PCR analyses of postmortem PFC samples [RNA integrity/RIN = 8.49 (SEM = 0.67); postmortem interval/PMI = 3.05 h (SEM = 1.91)] from 41 male control individuals [mean age = 60.78 (SEM = 12.99)] genotyped for rs26907. However, we did not detect a significant association of expression of the short RASGRF2 isoform with rs26907 genotypes in this tissue (linear regression analysis, degrees of freedom (df)1, F = 0.023, P = 0.880).
Discussion
We show that Ras-GRF2 influences alcohol-induced reinforcement presumably by controlling mesolimbic DA release. This effect is likely to result from ERK-dependent regulation of dopamine neuron firing by I A currents. Our human functional neuroimaging data extend these findings, and they indicate that RASGRF2 might influence VS activity and contribute to reward sensitivity, which has been shown to increase risk for alcohol abuse in adolescents (29) . Our data reveal a marked reduction in alcohol-induced reinforcement in Rasgrf2 −/− mice compared with WT littermate controls. Ras-GRF2 promotes the dissociation of GDP from ras, thus promoting GTP binding and activation of the downstream ERK pathway (30) . The ERK pathway regulates dopaminecontrolled synaptic plasticity in striatal medium-size spiny neurons, thereby playing an important role in long-lasting responses to addictive drugs (13); Rasgrf1 −/− mice display a partial deficit in ERK activation and rewarding effects of cocaine (12) . We, therefore, first hypothesized that a similar defect was central to the blunted ethanol reinforcement in Rasgrf2 −/− mice. However, we did not observe such a deficit. We then measured DA release in the nucleus accumbens of the mutant mice by in vivo microdialysis and found that basal DA levels were enhanced in Rasgrf2 −/− mice, whereas the response to alcohol was virtually abolished. This finding may suggest a tonically hyperactive DA system, which may not be able to further enhance DA neuron firing on a new salient stimulus in a phasic manner. Salience attribution to a new unconditioned stimulus depends on not only the amplitude of the DA increase in the VS but also, the time scale of the increase (31, 32) . Because both are blunted in Rasgrf2 −/− mice, the missing DA response may account for the reduced alcohol preference and consumption in the drinking test.
We identified a major defect in the regulation of DA neuron responsiveness that is likely to account for the altered ethanolinduced DA release in the mutant mice. Indeed, ethanol induces an acute increase in DA release, which was detected by fastcycling voltametry (33) , and an increase in DA neuron burst firing was shown to be a major substrate for learning about cues that predict rewarding events (34) and promote drug seeking (32) .
Our data also reveal a potential mechanism for the decreased excitability of DA neurons. Using several distinct pharmacological inhibitors of the ERK pathway, we found that inhibition of this pathway decreased the excitability of DA neurons in much the same way as in mutant mice. This inhibition was caused by a lack of inhibition of the I A current, which is known to depend on ERK-mediated phosphorylation of A-type K + channels (25) . Our results are in agreement with previous observations showing ERK-dependent regulation of excitability and I A currents in DA neurons (35) . The impaired regulation of DA neuron excitability provides an explanation for the deficient acute release of DA. However, it does not account for the basal increase in extracellular DA in the VS. Functional studies have shown that tonic and phasic activity may be differentially regulated by separate afferent systems in the VTA (36) . It is, therefore, possible that compensatory mechanisms may increase basal DA release as an adaptation to the deregulation of DA neuron excitability.
The haplotype containing rs26907 was associated with the left VS BOLD response during reward anticipation but not reward feedback in the MID task. This finding relates directly to our previous GWAS findings (10) and suggests that RASGRF2 may control mechanisms that regulate the incentive salience of reward cues (37, 38) . Incentive salience depends on response amplitude and timing of the DA signal initially after an unconditioned reward, which is later shifted to a conditioned reward cue and continuously updated by prediction error signals. A positive prediction error signal is associated with a phasic increase in DA neuronal firing and VS DA release (26, 39) . The observed association with reward anticipation but not reward feedback in our study suggests that RASGRF2 controls sensitivity of the prediction error signal by modulating phasic activation of dopaminergic neurons. Functionally, this finding might result from an altered firing rate of VTA DA neurons on depolarizing signals, which was shown in our electrophysiological experiments in Rasgrf2 −/− animals. The RASGRF2 haplotype was also associated with BOLD activation of the anterior cingulate gyrus and the precentral gyrus, both of which are known to be activated during reward-based decision-making (40) . The enhanced incentive salience of reward predicting cues among 14-y-old children, who have not been exposed to significant amounts of alcohol at that age, is in keeping with a hypersensitive reward system, which renders them more susceptible to pharmacological rewards as well (37) . This result is supported by our finding that, during follow-up at 16 y, an age where alcohol-drinking habits are already forming, the same boys showed an association between the RASGRF2 haplotype and number of drinking episodes.
One limitation of this study is the fact that we were not able to identify any allele-specific molecular mechanisms in humans underlying our neuroimaging and behavioral findings. However, brain expression patterns of RASGRF2 gene show distinct temporal variation with pronounced expression differences between adolescence and older age (Fig. S7 ) as well as significant regional variation (Fig. S8) . This finding suggests the presence of temporaland regional-specific regulatory mechanisms for RASGRF2 gene expression. Given the low availability of postmortem adolescent brains, association analysis of the RASGRF2 haplotype or rs26907 and RASGRF2 gene expression in the VTA of adolescents would be very difficult to carry out.
In summary, our approach of performing functional characterization of a suggestive signal in males from our recent GWAS metaanalysis of alcohol intake (10) has provided evidence for a role for RASGRF2 in alcohol-related phenotypes and mesolimbic DA neuron activity. In this respect, it is worth noting that glial-derived growth factor, which increases DA neurons excitability through ERK-dependent inhibition of I A currents (25) , seems to exert profound effects on alcohol dependence in rats (41) . Our study identifies the potential role of Ras-GRF2 in controlling reward responses through modulation of DA neuron firing. It suggests that other genetic factors controlling DA neuron excitability may also be important for incentive learning and its deregulation by drugs of abuse. Approaches aiming at correcting the consequences of such genetic alterations [for example, by selectively targeting the Ras-RAF-ERK pathway (42) or DA neuron excitability] may provide therapeutic strategies for addiction treatments.
Materials and Methods
Animals. All procedures were carried out according to the United Kingdom Animals Scientific Procedures Act 1986. We used 8-to 10-wk-old male WT and Rasgrf2 −/− C57BL/6 mice (21) single-housed with food and water ad libitum.
Artificial light was provided daily (7:00 AM to 7:00 PM; 12 h of light/12 h of darkness) with room temperature and humidity kept constant (temperature = 22 + 1°C; humidity = 55 ± 5%).
Free Choice Two-Bottle Drinking Behavior. After 1 wk of habituation, animals were given continuous free access to aqueous ethanol solution. From days 1-3, animals had access to two bottles containing tap water. At day 4, one of the bottles was changed to 2% ethanol solution. At day 7, one of the bottles was changed to 4% ethanol solution. At day 10, one of the bottles was changed to 8% ethanol solution, and at days 20-48, one of the bottles was changed to 12% ethanol solution. Bottles, animals, and food were weighed every third day, with the position of the bottles swapped to avoid any location preference. Ethanol intake was calculated using alcohol density of 0.8 g/mL, whereas ethanol preference was calculated as percent alcohol intake to total liquid intake. Data were analyzed by two-way ANOVA for factors genotype and ethanol concentration, and posthoc analyses were performed using a Newman Keuls test.
Microdialysis. Two MAB 6.14-guide cannulas (Microbiotech) with dummies were implanted into the VS (nucleus accumbens); 1 wk after implantation, MAB 6 (Microbiotech) dialysis probes were inserted and perfused at a constant flow rate of 1.5 μL/min with artificial cerebrospinal fluid. Animals were placed into a 20 × 20-cm open field, and experiments were initiated after stable levels of DA transmitter had been obtained. As previously detailed (43) , DA levels were determined in dialysate samples taken at 20-min intervals over a period of 3 h by use of HPLC with electrochemical detection. Because no zero-net flux methodology could be used, basal transmitter levels in mutants can only be interpreted in relation to WT levels. An i.p. injection of either ethanol (2 g/kg body weight) or saline was administered 1 h after analyses began. Only male animals were used for microdialysis experiments. Data were analyzed by two-way ANOVA for factors genotype and time.
Electrophysiology. Animals (20-40 d) were anesthetized with ketamine (90 mg/kg) /xylazine (15 mg/kg) (Sigma-Aldrich) before preparation of horizontal brain slices (250 μm) containing the VTA (SI Materials and Methods). Recordings were made under an Olympus BX51WL. Synaptic currents were evoked by stimuli (0.05-0.1 ms) at 0.1 Hz through bipolar glass electrodes filled with artificial cerebrospinal fluid placed rostrally to VTA. The AMPA receptor to NMDA receptor ratio was calculated by dividing the peak amplitudes at +40 mV after digital subtraction of the AMPA + NMDA component and the AMPA component after amino-5-phosphonovaleric acid (APV) (100 μM). For current-clamp recordings (the internal solution is discussed in SI Materials and Methods), a series of current steps (negative to positive) were injected to induce action potentials. I A currents were obtained by a two-step protocol, including a first depolarization from −30 to +30 mV and a second depolarization from −120 to +30 mV. All recordings were performed at 31-32°C. Data were collected by a Multiclamp 700B (Molecular Devices) and analyzed by IGOR Wavemetrics (Wavemetrics). Slices were incubated with MAP-kinase/ERK kinase (MEK) inhibitors for 1 h prior recordings. DA neurons in the VTA were identified by the presence of Ih.
Participants. Six hundred sixty-three males had complete data for the high win vs. baseline anticipation contrast of the MID task with a mean age of 14.45 y (SD = 0.40; range = 12.88-15.70 y); 612 males had complete data for the feedback high win vs. baseline contrast of the MID task with a mean age of 14.44 y (SD = 0.40; range = 12.88-15.70 y). In the association analysis of drinking behavior data, 613 males at age 16 y were included from the ongoing follow-up analysis. Participants were tested in eight IMAGEN . At the first level of analysis, changes in the BOLD response for each subject were assessed by linear combinations at the individual subject level for each experimental condition, and each trial (i.e., reward anticipation high gain; reward feedback high gain) was convolved with the hemodynamic response function to form regressors that account for potential noise variance associated with the processing of reward anticipation. The normalized and smoothed single-subject contrast images were then taken to a second-level random effects analysis. Using the Marsbar toolbox (http://marsbar.sourceforge.net), the VS region of interest (ROI) was extracted from the anticipation high gain vs. baseline contrast as well as the feedback high gain vs. baseline contrast. The extracted ROI was based on the work by O'Doherty et al. (44) (x, y, z = ±15, 9, −9; radius of 9 mm). More details are provided in SI Materials and Methods.
Behavioral Characterization. The lifetime drinking phenotype was defined using an adapted version of the 2007 European School Survey Project on Alcohol and Other Drugs (ESPAD) questionnaire (45) , which assesses the frequency of drinking of lifetime. The original variable is coded in a seven-point scale ranging from zero (never) to six (40 times or more). In our study, we classified binge drinking behavior into binary categories with (i.e., non-and light alcohol users) categories 0-2 (i.e., less than six times in lifetime) vs. (i.e., frequent and heavy alcohol users) categories 3-6, (i.e., six or more times in lifetime). 
